FK506-binding protein 51 (FKBP51) regulates the activity of the glucocorticoid receptor (GR), and is therefore a key mediator of the biological actions of glucocorticoids. However, the understanding of the molecular mechanisms that govern its activity remains limited. Here, we uncover a novel regulatory switch for GR activity by the post-translational modification of FKBP51 with small ubiquitin-like modifier (SUMO). The major SUMO-attachment site, lysine 422, is required for FKBP51-mediated inhibition of GR activity in hippocampal neuronal cells. Importantly, impairment of SUMO conjugation to FKBP51 impacts on GR-dependent neuronal signaling and differentiation. We demonstrate that SUMO conjugation to FKBP51 is enhanced by the E3 ligase PIAS4 and by environmental stresses such as heat shock, which impact on GR-dependent transcription. SUMO conjugation to FKBP51 regulates GR hormone-binding affinity and nuclear translocation by promoting FKBP51 interaction within the GR complex. SUMOylation-deficient FKBP51 fails to interact with Hsp90 and GR thus facilitating the recruitment of the closely related protein, FKBP52, which enhances GR transcriptional activity. Moreover, we show that the modification of FKBP51 with SUMO modulates its binding to Hsp90. Our data establish SUMO conjugation as a novel regulatory mechanism in the Hsp90 cochaperone activity of FKBP51 with a functional impact on GR signaling in a neuronal context.
Glucocorticoids (GCs) are the main mediators of the stress response. They exert a wide range of biological actions, particularly at the central nervous system, where they regulate neuronal function, proliferation and neurogenesis.
1 FK506-binding protein 51 (FKBP51) is a cochaperone that modulates GC-dependent responses by regulating the activity of their receptor, the glucocorticoid receptor (GR). FKBP51 belongs to the peptidyl prolyl isomerase superfamily and the tetratricopeptide repeat (TPR)-containing immunophilins. 2 The TPR domain, which is involved in protein-protein interactions, mediates its binding to Hsp90. 3, 4 Through its interaction with Hsp90, FKBP51 is recruited to the GR heterocomplex to finally inhibit GR activity. 5 Therefore, FKBP51 is critical for GR in vivo function and a key mediator during stress. 6 Ligand binding to the GR induces an exchange between FKBP51 and the closely related TPR protein FKBP52, 7 which in turn enhances GR activity. 8 Abnormal FKBP51 function has been implicated in a wide variety of diseases, in particular stress-related disorders associated with impaired GR signaling. 2, 9 Interestingly, it has also been suggested that FKBP51 might be involved in changes in hippocampal plasticity and alterations in its structure, with a final impact on the response to stress. 10 FKBP51 arises thus as an interesting target for the treatment of these disorders. However, the molecular mechanisms that regulate FKBP51 activity are not clearly understood.
Protein SUMOylation is a post-translational modification (PTM) that consists in the covalent attachment of small ubiquitin-like modifiers (SUMOs) to target proteins through an enzymatic process that involves an E1 activating enzyme, an E2 conjugating enzyme and E3 SUMO ligases. The consequences of SUMO conjugation vary within different substrates, and include alterations in protein stability, activity and localization. 11, 12 Although many PTMs have been found to modulate GR activity, [13] [14] [15] to date no PTM on FKBP51 has been investigated. In particular, GR activity is modulated by SUMO conjugation to GR itself and other proteins belonging to the GR chaperone complex, [16] [17] [18] [19] raising the intriguing possibility that SUMOylation of proteins from the GR heterocomplex might be a common and important upstream regulatory mechanism.
In order to discover novel players that modulate the activity of FKBP51 and hence may become of direct clinical relevance, a detailed understanding of the molecular mechanisms underlying the role of FKBP51 in GR signaling is a prerequisite. Here, we demonstrate that the inhibition of GR activity by FKBP51 is regulated by its conjugation to SUMO, uncovering a novel regulatory mechanism in the response to GCs with a biological impact on neuronal function.
Results
FKBP51 is modified by SUMO conjugation. To investigate whether FKBP51 is modified by SUMO conjugation, we performed in vitro SUMOylation assays. The occurrence of slower-migrating bands in western blot assays (Figure 1a) shows that FKBP51 is indeed conjugated to SUMO in vitro. We next determined whether FKBP51 is also SUMOylated in a cellular context. As shown in Figure 1b , FKBP51 is modified by the three SUMO isoforms although SUMO2 shows the greatest potency. In addition, expression of Ubc9, the E2 conjugating enzyme, increases SUMO2 conjugation to FKBP51 (Figure 1c ). Consistently, FKBP51 interacts with Ubc9 ( Figure 1d ). We confirmed the identity of FKBP51-SUMO2 conjugates by performing an in vitro deSUMOylation assay in the presence of the SUMO isopeptidase SENP2 (Figure 1e ). Figure 1f shows the SUMOylation of endogenous FKBP51. Endogenous SUMO-modified FKBP51 is further observed when immunoprecipitating SUMO2/3 from nontransfected cells (Figure 1g ). Altogether, our findings strongly support that the endogenous protein is a bona fide substrate for modification with SUMO.
FKBP51 expression is increased both upon GC treatment and under stress in the hippocampus, where it is postulated to have a critical role in stress-related diseases. 20 Therefore, we used HT22 cells, a murine hippocampal neuronal cell line, 21 to study SUMOylation of FKBP51 in this context. As shown in Figure 1h , FKBP51 is SUMOylated in HT22 cells; and the expression of SENP1 decreases its conjugation to SUMO. Moreover, we analyzed protein expression of FKBP51 and SUMO2/3 in mouse hippocampus showing that hippocampal neurons expressing SUMO2/3 also express FKBP51, which suggests that FKBP51 might be a SUMO conjugation target in vivo as well (Supplementary Figure 1) .
Lysine 422 is essential for SUMOylation of FKBP51. To map putative target lysines for SUMO conjugation, we performed an in silico analysis using the software SUMOsp 2.0 and SUMOplot. Lysines 138 and 422 bear the highest probability of SUMO attachment ( Figure 2a ). As depicted in Figure 2b , lysine 138 resides near the FK1 domain while lysine 422 is in the C-terminal tail of FKBP51. Analysis of sequence conservation reveals that both sites lie within regions of high local conservation, especially considering that surrounding sequences downstream of the second site are more divergent (Figure 2b ). We mutated both lysines into non-SUMOylable but charge-conserving arginines separately (K138R and K422R mutants) and in combination (2KR), and analyzed FKBP51 SUMOylation. The 2KR mutant is used as a control. Figure 2c shows that SUMOylation is impaired when K422 is mutated while K138R mutation has no effect. SUMOylation usually occurs at lysine residues within the consensus sequence ψKxE. 22, 23 In agreement, lysine 422 is the only residue of FKBP51 within such a motif. Mutating the SUMOylation site (K422) has no significant effect on Ubc9 binding (Figure 2d ). However, K422R FKBP51 SUMOylation levels are considerably decreased. These results indicate that K422 is the major acceptor of SUMOylation.
FKBP51 SUMOylation modulates GR activity. To test whether FKBP51 SUMOylation impacts on GR signaling, we explored its effect on GR transcriptional activity. Stimulation of HT22 cells with the GC dexamethasone (Dex) induces GR transcriptional activity, which is inhibited when wild-type (wt) FKBP51 is expressed. Interestingly, expression of SUMOylation mutants K422R and 2KR fails to inhibit GR transcriptional activity (Figure 3a) , suggesting that SUMO conjugation to FKBP51 is necessary for its inhibitory effect. Similar results were observed using FKBP51 knock-out mouse embryonic fibroblasts (MEFs), excluding any influence of endogenous FKBP51 (Figure 3b) , and HEK293T cells (Supplementary Figure 2a) . These results cannot be explained by alterations in expression levels or protein stability since the SUMOylation mutant is expressed to the same level as the wt protein (Figures 3a and b and Supplementary Figure 2a , western blot panels). Moreover, K422R mutation has no effect on protein half-life as shown in the presence of the protein synthesis inhibitor cycloheximide (Supplementary Figure 2b) .
To further analyze the functional relevance of FKBP51 SUMOylation on GR signaling, we studied the expression of two endogenous target genes, serum GC kinase 1 (SGK1) and GC-induced leucine zipper (GILZ), that regulate neuronal functional properties. We determined SGK1 and GILZ mRNA expression levels in HT22 cells expressing wt or K422R FKBP51. As shown in Figure 3c and Supplementary Figure 3 , Dex stimulation induces SGK1 and GILZ expression, while wt FKBP51 impairs such increment. Consistent with our results yielded by reporter assays, the K422R mutant does not inhibit Dex-induced expression of SGK1 and GILZ, and K422R FKBP51 expressing cells show significantly higher expression of both genes under Dex treatment when compared with cells expressing wt FKBP51. These results corroborate the critical role of SUMO conjugation to FKBP51 in the regulation of GR activity.
To rule out the possibility that mutation of the K422 has a deleterious effect on protein folding, we analyzed the effect of this mutant on NF-κB pathway. 24 As shown in Supplementary  Figure 4 , both wt and K422R FKBP51 inhibit NF-κB activity and interact with NF-κB, showing that mutation of K422 does not alter the general function of the protein.
Considering that neurite extension is one of the first cellular changes associated with neuronal differentiation and that GCs are negative regulators of neuronal differentiation, 25 we evaluated the impact of FKBP51 SUMOylation on Dexdependent regulation of neurite outgrowth in HT22 cells. Consistent with previous results, 26 Dex decreases neurite outgrowth. Expression of wt FKBP51 abolishes the effect of Dex treatment while K422R mutant fails to prevent it (Figure 3d ). We further validated these findings in Neuro-2a (Figure 3e ), extensively used as a cell model of neuronal differentiation. 27 These results show that FKBP51 through its SUMOylation is a key factor for Dex-mediated effects on neurite projection. SUMO conjugation to FKBP51 and its effect on GR activity are modulated by the E3 ligase PIAS4 and heat shock. We next determined whether SUMO attachment to FKBP51 could be modulated by SUMO E3 ligases, and found that PIAS4 significantly enhances its SUMOylation (Figure 4a ). We confirmed these results by purifying SUMOylated proteins from cells expressing FKBP51 and SUMO2 in the presence or absence of PIAS4 (Figure 4b) . Consistently, FKBP51 interacts with PIAS4 ( Figure 4c ). PIAS4 overexpression also evidences SUMO conjugation to the endogenous protein ( Figure 4d ). To confirm that FKBP51 is directly targeted by PIAS4, we performed in vitro SUMOylation assays using recombinant FKBP51 and PIAS4 (Figure 4e ), demonstrating that in vitro SUMO conjugation to FKBP51 is enhanced in the presence of the ligase. Altogether, these results show that PIAS4 modulates the occurrence of SUMO-FKBP51 conjugates.
We next examined the effect of PIAS4 on GR transcriptional activity to further evaluate how modulating SUMOylation of FKBP51 impacts on GR signaling. Figure 4f (upper panel) shows that overexpression of PIAS4 potentiates wt FKBP51 inhibition of GR activity. In the presence of the K422R mutant, however, PIAS4 has no longer effect on FKBP51 action on GR activity, suggesting that potentiation of FKBP51 inhibition on GR-dependent transcription by PIAS4 is mediated by SUMOylation-competent FKBP51. Accordingly, FKBP51-SUMO conjugates are increased in the presence of PIAS4 while K422R SUMOylation levels remain considerably lower compared with wt FKBP51, even when overexpressing PIAS4 (Figure 4f , lower panel). To validate these findings, we specifically silenced PIAS4 (40%, Figure 4g , lower panel). As shown in Figure 4g , this reduction in endogenous PIAS4 expression reduces wt FKBP51 suppression of GR activity, while SUMOylation-deficient K422R is insensitive toward PIAS4 inhibition.
Stressful conditions such as heat shock are known to induce global protein SUMOylation 28 and also PIAS4 expression. 29 Heat stress induces FKBP51 SUMOylation ( Figure 4h ) and also potentiates its inhibitory effect on GR activity in a K422-dependent manner (52 versus 80% of inhibition, Figure 4i ). Altogether, these findings strongly support the role of SUMO conjugation to FKBP51 in its inhibitory effect of GR activity. 2+ affinity chromatography and analyzed by western blotting using anti-FKBP51 antibody. *Non-specific. (d) Pull-down assays were performed using HEK293T lysates expressing wt, K422R or 2KR FLAG-FKBP51 and analyzed by western blotting using anti-FKBP51 antibody SUMO conjugation to FKBP51 modulates its activity as Hsp90-based glucocorticoid receptor cochaperone. It has been reported that FKBP51 decreases GR hormonebinding affinity 30 and nuclear translocation, 5 modulating GC-induced neuronal gene expression. 31 To explore the mechanisms underlying the effect of FKBP51 SUMOylation on GR activity, we first performed in vitro binding assays. Figure 5a shows that wt FKBP51 decreases Dex binding to the GR while K422R and 2KR FKBP51 mutants fail to alter GR binding affinity. Next, we analyzed the impact of out by the fact that both proteins display the same expression pattern and are properly co-expressed with GR ( Figure 5b ). Moreover, while wt FKBP51 still reduces GR translocation under saturating levels of Dex, 5 no effect of the K422R mutant is observed (Supplementary Figure 5) , thus supporting that translocation is modulated by FKBP51 SUMOylation, independently of its effect on GR hormonebinding affinity.
These experiments suggest that FKBP51 SUMOylation modulates GR activity by preventing both GR binding to its hormone and its translocation to the nucleus.
Interestingly, these regulatory mechanisms require prior recruitment of FKBP51 to the GR heterocomplex through its binding to Hsp90. Of note, the major SUMO acceptor site within FKBP51 sequence, K422, is located in the protein C-terminal domain, which is critical in the interaction with Hsp90. 3 Therefore, in order to examine whether FKBP51 SUMOylation affects its interaction with Hsp90, we performed co-immunoprecipitation assays. As shown in Figure 5c , wt FKBP51 interacts with both Hsp90 and GR. In contrast, interaction with Hsp90 and GR is impaired by K422R mutation (Figure 5c ), suggesting that FKBP51 SUMOylation is involved in its binding to Hsp90 and consequently its recruitment to the GR chaperone complex.
Recruitment of cochaperones to the GR complex by Hsp90 is known to be a competitive process. 32 Upon hormone stimulation, there is a switch from FKBP51 to the closely related TPR protein, FKBP52, which positively regulates GR activity. 5, 7, 8 Therefore, we analyzed whether impairment of SUMO conjugation to FKBP51 alters the cochaperone composition of this complex. Figure 5d shows that wt FKBP51 and not K422R mutant is associated to the GR, thus corroborating our previous results. Interestingly, recruitment of FKBP52 to the GR complex is enhanced in the presence of K422R mutant compared with wt FKBP51. These results suggest that impairment of SUMO conjugation to FKBP51 prevents its interaction within the GR chaperone complex allowing for the recruitment of FKBP52 instead and therefore facilitating GR nuclear translocation and activity, and support the role of SUMO conjugation to FKBP51 in its recruitment by Hsp90 to the GR complex.
To further study this mechanism, we analyzed binding of Hsp90 to in vitro SUMOylated FKBP51. As shown in Figure 5e (left panel), Hsp90 is precipitated to a greater extent by SUMOylated FKBP51 compared with the unconjugated FKBP51, pointing to the role of FKBP51 SUMOylation in promoting the interaction with Hsp90. In line with this notion, Figure 5e (right panel) shows that GST-Hsp90 preferentially binds SUMO-FKBP51 conjugates, as an increased ratio of SUMO-modified versus unmodified FKBP51 is recovered in GST-Hsp90 pull-down assays using in vitro SUMOylated FKBP51. To confirm our findings, we immunoprecipitated endogenous FKBP51 in the presence of PIAS4 and observed its interaction with Hsp90. The interaction between endogenous FKBP51 and Hsp90 is modulated in the presence of a PIAS4 shRNA (Figure 5f ). Altogether, these results demonstrate the importance of SUMO conjugation to FKBP51 in its activity as an Hsp90 cochaperone and support that SUMOylation of FKBP51 promotes its interaction with Hsp90 at the endogenous level.
Discussion
In this work, we describe the functional impact on GR activity of SUMO conjugation to FKBP51. This is the first work to explore the modification of FKBP51 by a PTM and to demonstrate that FKBP51 function is tightly posttranslationally regulated. We demonstrate that FKBP51 is SUMOylated at K422 and that SUMOylation of FKBP51 is important for its inhibitory effect on GR activity. Upon analyzing the biological consequences of FKBP51 SUMOylation, we report that disrupting this site-specific PTM has a strong impact on GR-dependent neuronal signaling and differentiation. We explored the molecular mechanism underlying the effect of FKBP51 SUMOylation on GR activity ( Figure 6 ). We found that SUMO modification of FKBP51 mediates the inhibitory effect exerted by FKBP51 on GR hormone-binding affinity and GR nuclear translocation, and the interaction of FKBP51 and FKBP52 within the GR chaperone complex. The fact that FKBP51 SUMOylation is involved in its binding to Hsp90 suggests that SUMOylation of FKBP51 is necessary to allow for its association to the GR complex through its interaction with Hsp90, which in turn, is required for the effect of FKBP51 on GR activity. The critical role of FKBP51 SUMOylation in the regulation of GR activity is supported by results using the SUMO-deficient FKBP51 mutant, together with those obtained by modulating FKBP51-SUMO conjugation levels through PIAS4 expression and heat stress. Altogether, we uncover a novel regulatory mechanism of FKBP51 activity as an Hsp90 cochaperone that has an essential role in GR signaling in a hippocampal neuronal context and possibly beyond. Upon investigating the functional consequences of SUMO attachment to FKBP51 on GR activity, we found that FKBP51 SUMOylation impacts not only on GR-dependent gene expression but also on the effect of GCs on neuronal differentiation. We demonstrate that FKBP51 SUMOylation affects the expression of GILZ and SGK1, which are SUMOylation of FKBP51 regulates GR signaling M Antunica-Noguerol et al upregulated by GCs in the hippocampus. 33, 34 In line with these results, our data show that GCs also induce the expression of SGK1 and GILZ in HT22 hippocampal neuronal cells. Moreover, we show that only SUMOylation-competent FKBP51 is involved in their regulation.
Apart from their role in neuronal function and the stress response, 35 ,36 the expression of GILZ and SGK1 is also related to alterations in hippocampal structure. 37 In particular, SGK1 was demonstrated to mediate the inhibitory effect of GCs on neuronal differentiation in human hippocampal progenitor cells. 33 In this respect, our data show that Dex inhibition of neurite outgrowth is regulated by FKBP51 in a SUMOylation-dependent manner. We show that expression of FKBP51 prevents both GR-mediated downregulation of neurite outgrowth together with the upregulation of SGK1; further and most importantly, that these two effects are dependent on SUMO conjugation to FKBP51. FKBP51 SUMOylation might be thus a critical modulator of the SGK1-dependent effects of GCs on hippocampal neurogenesis.
Within the central nervous system, an increase in SUMO protein modification is considered to be associated with neuronal plasticity and neuroprotection against various stressful conditions. 38, 39 In this regard, our data show that FKBP51 SUMOylation is increased under heat-shock stress in a hippocampal neuronal context and raises thus the interesting possibility that SUMO conjugation to FKBP51 during Figure 6 SUMO conjugation to FKBP51 regulates GR signaling. Modification of FKBP51 by SUMO attachment promotes its interaction with Hsp90 and its recruitment to the GR chaperone complex. Within this complex, FKBP51 decreases GR ligand affinity and nuclear translocation, which in turn, leads to inhibition of GR transcriptional activity. In this way, SUMOylated FKBP51 finally impacts on GR-dependent neuronal signaling and differentiation. While enhancement of FKBP51 SUMOylation through PIAS4 or upon cellular stress further strengthens FKBP51 inhibitory effect on GR signaling, its impairment favors the recruitment of FKBP52 to the GR heterocomplex. Contrary to FKBP51, the closely related cochaperone FKBP52 positively impacts on GR signaling, finally enhancing its transcriptional activity. S: SUMO stress in the hippocampus might be involved in neuronal protection.
Our work shows for the first time the occurrence of endogenous SUMO-FKBP51 conjugates and identifies lysine 422, which lies within a SUMOylation consensus sequence, as the major SUMO acceptor site. In agreement with our observations, a proteome-wide analysis recently identified K422 of endogenous FKBP51 as a putative SUMOylated site, 40 thus strengthening our findings. We demonstrate that the inhibitory effect of FKBP51 on GR activity is regulated by SUMO conjugation to FKBP51. We show that impairment of FKBP51 SUMOylation prevents FKBP51-mediated inhibition of GR nuclear translocation, hormone-binding affinity and transcriptional activity ( Figure 6 ). Changes in PIAS4 expression together with environmental stresses such as heat shock modulate FKBP51 SUMOylation and finally impact on GR activity, confirming that SUMO conjugation to FKBP51 determines its effect on GR signaling. Consistent with previous results, expression of PIAS4 has no effect on Dex stimulation of GR reporter genes. 41 We show that under this condition PIAS4 potentiates FKBP51's inhibitory effect on GR transcriptional activity, uncovering a novel regulatory player in GR signaling.
Our findings strongly support that SUMOylation of FKBP51 is necessary to enhance its binding to Hsp90 (Figure 6 ), as demonstrated by co-immunoprecitation and Hsp90-FKBP51 interaction assays. Our results also provide evidence that this mechanism operates at the endogenous level thus highlighting its physiological relevance. Remarkably, recruitment of FKBP51 as a cochaperone to Hsp90 protein complexes modulates the activity of other nuclear receptors, besides GR. 42, 43 It is thus likely that SUMO conjugation to FKBP51 may impact on their activity as well. Further studies will be needed to address the overall significance of this mechanism on other nuclear receptors and in different contexts.
Regarding the FKBP51-Hsp90 interaction, the TPR domain of FKBP51, although necessary, was found to be insufficient for full binding. 3 A conserved sequence downstream of the TPR domain together with the last C-terminal amino acids of FKBP51 is critical to this interaction 3 and was proposed to adopt alternative conformations that significantly impact on Hsp90 binding. K422 is located in this C-terminal tail region, which has not yet been crystallized. 4 It is likely that the modification of K422 by SUMO might modulate the conformation of this region for FKBP51-Hsp90 interaction. Interestingly, in silico analysis reveals that Hsp90 bears SUMO-interacting motifs, which can mediate non-covalent SUMO binding and cooperate in interactions between binding partners and SUMOylated proteins. 44, 45 This raises the possibility that SUMO-SIM interactions involving the C-terminal region of FKBP51 are required to allow for efficient binding between FKBP51 and Hsp90. Such complex regulatory mechanisms should be investigated in future studies.
Proteins bearing TPR domains compete with each other for interaction with Hsp90 in order to gain access to the GR heterocomplex and modulate GR activity. 5, 32 Therefore, the fact that impairment of FKBP51 SUMOylation prevents both FKBP51 binding to Hsp90 and its inhibitory effect on GR activity while promotes FKBP52 recruitment and GR nuclear translocation provides a mechanistic explanation, suggesting that SUMO conjugation to FKBP51 underlies its preferential recruitment to the GR chaperone complex, which in turn determines the final outcome of GR signaling. Interestingly, we found through in silico analysis that FKBP52 has SUMO conjugation consensus and non-consensus sites. It would be interesting to investigate whether FKBP52 is indeed conjugated to SUMO as well, and whether it affects its function, particularly regarding GR activity.
Considering that the upregulation of FKBP51 activity has been related to abnormal HPA stress responses, 2 and given the importance of SUMOylation in regulating the activity of FKBP51 as a GR cochaperone, our findings provide novel insights into the molecular mechanisms implicated in the regulation of the stress response and other processes where the interaction between Hsp90 and FKBP51 is involved. 42 Materials and Methods Cell culture and transfection. HEK293T, Neuro-2a and HT22 cells were grown in DMEM (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) (pH 7.3) supplemented with 10% FBS for HEK293T and Neuro-2a, and 5% FBS for HT22 cells, 2.2 g/l NaHCO 3 , 10 mM HEPES, 4 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. FKBP51 knock-out (FKBP51 − / − ) MEFs kindly provided by Dr. MB Cox (University of Texas, El Paso, USA) were grown in DMEM supplemented with 10% FBS and 100 units/ml streptomycin, and have been described before.
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HEK293T cells were transfected with Lipofectamine 2000 (Life Technologies/ Thermo Fisher Scientific, Carlsbad, CA, USA) following the manufacturer's instruction, and were electroporated for in vitro hormone binding, as previously described. 46 FKBP51 − / − MEFs were electroporated as previously described. Plasmids, siRNAs and reagents. The following plasmids used in this work were previously described, as indicated: FLAG-FKBP51 and FLAG-FKBP52; 5 GSTUbc9; 47 HA-GR and the GR reporter plasmid pΔ(TAT) 4 -Luc (TAT4-luc); 18 the NF-κB reporter plasmid (κB-luc); 48 and FLAG-Hsp90 and the Gaussia luciferase reporter plasmid. 32 The pHC-RED1-C1 plasmid was obtained from Clontech (Mountain View, CA, USA). The following plasmids were kindly provided: HA-SUMO2, V5-Ubc9, and 6 × His-SUMO1, SUMO2 and SUMO3 by Dr. R Hay; [49] [50] [51] 59 The FKBP51 point mutants were constructed by site-directed mutagenesis using the following primers to mutate Lys-138 to Arg: 5′-GAGCTCCTTGATTTCAGAGGAGAGGATTTATTTG-3′ and 5′-CAAAT AAATCCTCTCCTCTGAAATCAAGGAGCTC-3′; and to mutate Lys-422 to Arg: 5′-A GAAGTTTGCAGAGCAGGATGCCAGAGAAGAGGCC-3′ and 5′-CCATTGCTTTATT GGCCTCTTCTCTGGCATCCTGCTCTG-3′. The 6 × His-FKBP51-FLAG plasmid was constructed by inserting the FKBP51 cDNA sequence into pPROEX HTa vector digested with NcoI and XbaI.
The siRNA sequences targeting mouse PIAS4 were 5′-AAGGCUUUGGUCAAG GAGAAG-3′ (positions 886-906) and 5′-AAGCACGAACTGGTGACCAGGGC-3′ (positions 112-134). A non-silencing RNA duplex (5′-CUUACGCUGAGUACUUCGA TT-3′) was used as a control.
Dex, N-ethylmaleimide (NEM), Na 2 MoO 4 , PMA, CHX and cAMP were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Western blot assays and antibodies. Cells washed with ice-cold PBS were lysed in 2 × Laemmli sample buffer with 20 mM NEM. Whole-cell lysates were sonicated, heated to 95°C for 5 min and cooled on ice. Protein samples were resolved by SDS-PAGE and transferred onto nitrocellulose membranes for immunoblotting with the indicated antibodies. Membranes were developed using HRP-conjugated secondary antibodies (Bio-Rad, Hercules, CA, USA) and the enhanced chemiluminescence reagent Super Signal West Dura (Figure 5f ), cells were transfected with the shRNA plasmids and 24 h later with PIAS4 expression vector. Immunoprecipitation was performed using anti-FLAG (Sigma-Aldrich) or anti-HA (Covance) antibodies. For detection of endogenous SUMO-FKBP51 conjugates (Figure 1g ), the protocol from Barysch et al. 60 was adapted as follows. HEK293T cells were lysed in lysis buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% Triton X-100, 150 mM NaCl, 50 mM NEM, 1 mM PMSF, 1 mM DTT, 1X Protease Inhibitor cocktail). Immunoprecipitation was performed using anti-SUMO2/3 antibody (SUMO-2 8A2, DSHB). All samples were analyzed by western blotting.
Luciferase assays. HT22 cells were transfected with TAT4-luc or MMTV-luc together with GR expression vector and the indicated plasmids or siRNA and stimulated 16 h later, or 72 h later when siRNA was co-transfected, as indicated. HEK293T cells were transfected with κB-luc together with the indicated plasmids and stimulated 16 h later as indicated. Luciferase and β-galactosidase activities were determined according to the manufacturer's instructions (Promega, Madison, WI, USA). FKBP51
− / − MEF cells were electroporated with TAT4-luc together with GR expression vector and the indicated plasmids and stimulated 24 h later as indicated. Firefly luciferase and Gaussia luciferase activities were determined as described in Schulke et al. 32 Luciferase activity was relativized to β-galactosidase or Gaussia luciferase activity.
RT-qPCR analysis. HT22 cells were transfected and stimulated 48 h later as indicated. Total RNA isolation, reverse-transcription and qPCR analysis were performed as previously described, 18 using the following primer sequences: for SGK1, 5′-AGCATAACGGGACAACATC-3′ (forward) and 5′-GCATCTCATACAGGAC AGC-3′ (reverse); and for GILZ, 5′-GACTTCATGTCTTCAGTGGACA-3′ (forward) and 5′-AATGCGGCCACAGATG-3′ (reverse).
For Figure 4g , HT22 cells were transfected and samples were analyzed 72 h later using the following primers: 5′-CAGAGGTTGAAGACGATTG-3′ (forward) and 5′-CA GGTAGAACACAGCATC-3′ (reverse).
SGK1, GILZ and PIAS4 mRNA levels were relativized to HPRT mRNA levels, using the following primers: 5′-TGGGCTTACCTCACTGCTTTCC-3′ (forward) and 5′-CCTGGTTCATCATCGCTAATCACG-3′ (reverse).
Recombinant proteins. GST, GST-Ubc9, GST-PIAS4 and GST-Hsp90, and 6 × His-FKBP51-FLAG were expressed in Escherichia coli M15 (pREP4) strain by induction with 0.5 mM IPTG and purified with glutathione Sepharose 4B beads (GE Healthcare, Little Chalfont, UK) and Ni-NTA Agarose (QIAGEN, Germantown, MD, USA), respectively. Proteins were analyzed by SDS-PAGE Coomassie R-250 staining for quantity and purity and by western blotting.
In vitro SUMOylation and deSUMOylation assays. In vitro SUMOylation and deSUMOylation assays were performed as previously described. 18, 47 GST pull-down assays. GST pull-down assays were performed as previously described. 18 Recombinant FKBP51 was previously SUMOylated in vitro, and pull-down assays were performed in the presence of 20 mM NEM and 20 mM Na 2 MoO 4 .
Purification of 6 × His-SUMO-conjugated proteins. Purification of 6 × His-SUMO-conjugated proteins was performed as previously described.
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HEK293T and HT22 cells were transfected in 35-mm and 60-mm dishes respectively and harvested 48 h later. For Figure 4d , cells were transfected in 10-cm dishes with the shRNA plasmids and with the indicated expression vectors 24 h later. After 48 h, cells were harvested.
In vitro hormone-binding assays. HEK293T cells were transfected and lysed 48 h later in lysis buffer (5 mM Tris-HCl pH 7.4, 1 mM EDTA, 10% glycerol, 20 mM Na 2 MoO 4 , 1 mM PMSF, 1 × Protease Inhibitor cocktail, 2 mM β-mercaptoethanol). Cytosolic fractions were obtained from homogenized lysates after centrifugation at 20 000 × g for 30 min and then at 100 000 × g for 1 h at 4°C. Protein concentration was quantified by Bradford assay (Bio-Rad, Hercules, CA, USA) and adjusted to 2 μg/μl. An aliquot was taken to analyze by western blotting. Hormone binding assays were performed using increasing amounts of [ Nuclear translocation assay. Nuclear translocation assays were performed in glass-bottom plates. HT22 cells were transfected and stimulated 48 h later with Dex at time t = 0 s in serum-free DMEM without phenol red (Gibco/Thermo Fisher Scientific). Fluorescence imaging was performed with an inverted Axio Observer Z1 LED fluorescence microscope (Carl Zeiss) equipped with a live-imaging system at 37°C and 5% CO 2 . Images were collected every 120 s during 3600 s for Figure 5b , and every 9 s during 297 s for Supplementary Figure 5 ; and captured and analyzed using the image software ZEN Blue pro 2011 (Carl Zeiss, Oberkochen, Germany) and Fiji. Mean fluorescence intensity was quantified from background-subtracted images by drawing a region of interest in the nucleus of each cell (n = 4 cells, for each condition for Figure 5b ; and n = 8 cells, for each condition for Supplementary Figure 5 ). The mean nuclear fluorescence intensity for each time point is defined as the ratio between mean fluorescence intensity at each time point and mean fluorescence intensity before Dex stimulation.
Protein interaction assays. For Figure 5e (left panel), HEK293T cells were transfected with FLAG-Hsp90 expression vector and harvested in lysis buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% Triton X-100, 400 mM NaCl, 2 mM orthovanadate, 1 mM PMSF, 1 × Protease Inhibitor cocktail). FLAG-Hsp90 was immunoprecipitated using anti-FLAG antibody and eluted in lysis buffer containing 100 μg/ml of FLAG peptide (Sigma-Aldrich). FLAG-Hsp90 (500 ng) was incubated for 1 h at RT with in vitro SUMOylated FKBP51 (500 ng) in lysis buffer supplemented with 20 mM Na 2 MoO 4 , 1 mM DTT and 20 mM NEM. FKBP51 was immunoprecipitated using anti-FKBP51 antibody. Samples were analyzed by western blotting.
Neurite outgrowth assay. Neurite outgrowth assays were performed on polylysine-coated plates. HT22 and Neuro-2a cells were transfected and stimulated 48 h later with Dex or vehicle as indicated. The medium was removed for differentiation. HT22 cells were differentiated in Neurobasal medium (Gibco/Thermo Fisher Scientific) containing 1 × N2 supplement (Gibco/Thermo Fisher Scientific) for 24 h. Neuro-2a cells were differentiated in medium containing 0.2% FBS and 500 μM cAMP for 24 h. Images were obtained using an inverted Axio Vert A1 microscope (Carl Zeiss) and analyzed using Fiji. Neurite length was quantified with Neurite Simple Tracer plugin in RFP + cells together with their soma diameter. Cells bearing neurites at least 1.5-fold for HT22 and 2.0-fold for Neuro-2a longer than the soma diameter were considered as differentiated, and the percentage of differentiated RFP + cells over total RFP + cells was calculated (n = 20 cells, for each condition).
Statistics. Experiments were performed at least in triplicate. The results are presented as mean ± S.E.M. Statistics were performed by Student's t-test (for Figures 4g lower panel and 4i) and analysis of variance (ANOVA) in combination with Tukey's (for Supplementary Figure 4) or Bonferroni's (for the remaining Figures) tests (GraphPad, GraphPad Software Inc., La Jolla, CA, USA).
